Abstract. University of California, Davis line 200 White Leghorn chickens develop an inherited progressive fibrotic disease that includes the appearance of antinuclear antibodies (ANA). To further characterize these ANA, serial aged line 200 birds were studied. Greater than 50% of line 200 birds develop antinuclear and anticytoplasmic antibodies; fluorescent staining patterns included cytoplasmic spider web, most prevalent at 1 mo of age, and fine speckled patterns, characteristic of chickens 6 mo and older. By enzyme-linked immunosorbent assay, 40.4% of line 200 birds were found to have antibodies to single-stranded DNA (ssDNA). In contrast, antibodies to histones, RNA, or poly A * poly U were not detected. Precipitating antibodies to saline extracts from chicken liver were noted in 33.3% ofline 200 birds. Saline extracts from turkey, pheasant, and partridge liver but not rat, rabbit, or mouse tissues were also positive in immunodiffusion testing with these line 200 birds. The antigenicity of chicken liver extracts was sensitive to pronase, protease K, and pH variations >10 and <5; however, they were resistant to trypsin, DNase, RNase, and incubation at 370C and 560C for 1 h. Cell fractionation in conjunction with column chromatographic techniques revealed that several protein antigens with apparent molecular weights in the range of 62,000-290,000 were present in cytoplasm but not in isolated nuclei. Line 200 sera were not reactive against nuclear ribonucleoprotein, Sm, Scl-70, or SS-B/La antigens. Thus, line 200 chickens develop antinuclear and anticytoplasmic antibodies at an
Introduction
University of California, Davis (UCD) line 200 White Leghorn chickens develop a constellation of features including dermal and esophageal fibrosis, distal polyarthritis, microvascular alterations, and accelerated mortality (1) . This syndrome appears within the first 6 wk after hatch, as swelling, erythema, and necrosis of the comb, digits, and skin. Birds that survive these initial insults develop mononuclear cell infiltration ofesophagus, lung, testes, small intestine, and heart with prominent occlusion of small-and medium-sized blood vessels. Serologic abnormalities of line 200 birds include rheumatoid factors and antibodies to collagen and antinuclear antibodies (ANA).' In the present report we have serially monitored line 200 chickens to provide insight into the diversity of antinuclear antibodies. Moreover, on the basis of results from these observations, line 200 sera were studied to monitor reactivity to polynucleotides and saline-extractable antigens; physicochemical characterization was then used to define the nature of these antigenic systems.
We report herein that a significant proportion (65% at 75 Ml of sera with either 75 Ml of chicken liver extract (preparation described below) or 10 mg of mouse liver or rabbit thymus powder (PelFreez Biologicals). After a 24-h incubation at 40C, sera were centrifuged at 7,000 g for 2 min and then tested at a 1/20 dilution for a change in immunofluorescent staining pattern.
Anti-centromere antibody. Antibodies directed to the centromeres of chromosomes were assayed by using chromosomal spreads prepared from chicken feather pulp (9) . Indirect immunofluorescence with goat anti-chicken gamma globulin was carried out on 25 line 200 and 10 control line sera along with a positive human serum control for anticentromere antibody.
Enzyme-linked immunosorbent assay (ELISA). ELISA was performed to detect antibodies to calf thymus histones, calf thymus RNA, poly A. poly U, single stranded calf thymus DNA (Sigma Chemical Co., St. Louis, MO). ssDNA was prepared by heating a solution of DNA at 1 mg/ml to 100IC for 10 min and then immediately immersing in an ice-water bath. Test antigens at 100 lAg/ml were coated on 96-well polysytrene microtiter plates (Falcon Plastics, Oxnard, CA) in 0.1 M carbonate buffer, pH 9.6. After incubation at 40C for 18 h, the test antigen solution was removed and plates were washed twice with PBS containing 0.05% Tween 20 (azide free). Plates were blocked with 1.0% bovine serum albumin (BSA) in the above washing buffer for 2 h at 22°C. After this blocking step, antigen coated-plates were once again washed and either used immediately or stored at 4°C for up to 1 mo.
Test sera were diluted 1:100 with a solution of 1.0% BSA in 0.05% Tween 20, PBS; and 100-Ml aliquots were added to individual wells.
Plates containing diluted sera were incubated overnight at 4°C, washed three times, and incubated with rabbit anti-chicken gamma globulin (E-Y Laboratories, San Mateo, CA) at a 1:500 dilution in 1.0%01 BSA, 0.05% Tween 20, and PBS. After additional washing, 5-aminosalicylic acid (Sigma Chemical Co.) was added for color development. The reaction was terminated after 1 h with 0. Cellular fractionation ofchicken liver into fractions designated nucleienriched, mitochondria-enriched, microsome-enriched, and cytoplasm was accomplished by differential centrifugation in isotonic sucrose ( 15) . All procedures were carried out at 0-40C. In brief, this method consisted of first washing, then mincing 100 g of liver tissue in eight vol of homogenizing buffer (HB) containing 0.25 M sucrose, 5 mM magnesium acetate, and 1 mM PMSF. In aliquots of 25-30 ml the minced liver tissue was homogenized using a motor driven Potter-Elvehjem homogenizer (four strokes). All aliquots were pooled; and nuclei were pelleted at 700 g; the supernatant was centrifuged twice more at 700 g to pellet residual nuclei and then centrifuged at 5,000 g for 10 min to pellet mitochondria. The resultant supernatant from this fraction was centrifuged at 57,000 g for 60 min to pellet microsomes. The final supernatant was designated cytoplasm. Nuclei, mitochondria, and microsome fractions were washed a total of four times in HB then resuspended in PBS. Suspensions of nuclei and mitochondria were sonicated on ice in six 15-s pulses using a sonicator (Heat Systems-Ultrasonics, Inc., Plainview, NY) at a setting of six. The sonicates were stirred at 4°C for 1 h then centrifuged at 104,000 g for 30 min. Supernatants were stored at -20°C.
Enzymatic, heat, and pH treatments. Enzymatic digestion of CLE was performed at an enzyme-to-substrate ratio of 1:10 (11) after first determining the protein concentrations of the samples to be treated (16) . Extracts were adjusted to 2 mg/ml of protein in PBS and either trypsin, pronase, protease K, ribonuclease (RNase), or deoxyribonuclease (DNase) I (Sigma Chemical Co.) was added to give an enzyme concentration of0.2 mg/ml. All digestions took place at 37°C for 1 h. Reactions were terminated at 0-4°C and 1 mM PMSF was added to the trypsin, pronase, and protease K-digested extracts. Immunodiffusion was used to test for residual antigenicity at 220 and 4°C; untreated control samples were included on each plate.
The sensitivity of CLE to heating was determined by incubation at 56°C for 1 h and 37°C for 1 h. Extracts were cleared of precipitates by centrifugation at 2,000 gfor 10 min, and then tested by immunodiffusion. The effect of pH variations on the antigenic activity of CLE was investigated by dialysis of 0.5-ml aliquots against buffers of various pH at 4VC for 48 h; glycine/HCl (pH 2.0-3.0), acetate (pH 4.0-5.0), phosphate (pH 6.0-8.0) and glycine/NaOH (pH 9.0-11.0). All aliquots were neutralized by dialysis against PBS, pH 7.4, for 24 h. Residual activity was tested by immunodiffusion.
Gelfiltration. Crude CLE or DEAE-Sephacel-chromatographed CLE was fractionated through a calibrated Sephacryl S-300 superfine (Pharmacia Fine Chemicals AB, Uppsala, Sweden) column 2 X 100 cm. The running buffer used to fractionate CLE consisted of 0.01 M Tris-HCI, which contained 0.4 M NaCl with 0.005 M 2-mercaptoethanol, pH 7.4. Fractions of 2 ml each were collected and tested for antigenic activity by immunodiffusion.
Ion-exchange chromatography. Ion-exchange chromatography of the CLE was performed with DEAE-Sephacel (Pharmacia Fine Chemicals) equilibrated with an initial buffer of 0.01 M Tris, 0.0 M NaCl, pH 8.4. The CLE was dialyzed against the initial buffer and then eluted by using a linear NaCl gradient having a final buffer concentration of 0.3 M NaCl in 0.01 M Tris, pH 8.4. This was then followed by step gradients of 0.5 and 1.0 M NaCl. Antigenic activities of each fraction were tested by double immunodiffusion. Positive fractions were pooled and concentrated by ultrafiltration (Amicon Corp., Lexington, MA).
SDS-polyacrylamide gel electrophoresis (PAGE). SDS-PAGE was performed according to Laemmli (13) (Fig. 2 B) . The most cytoplasmic in origin. D shows diffuse fine speckles throughout the nucleus. E shows homogenous nuclear staining that is granular in appearance. F is a combination of nucleolar staining with discrete coarse nuclear speckles and cytoplasmic staining (X 310).
incidence of this pattern decreased from 65% to <10% by 6 mo ofage. At 3 mo ofage the predominant staining pattern observed was peripheral (42%) (Fig. 2 C) , which was closely followed in frequency by a pattern of granular fine speckles (30%). In birds 6 mo of age and older, diffuse fine speckled staining patterns were noted most often (Fig. 2 D) . However, in many instances, the staining patterns were more complex than those shown in Fig. 2 A-E because of multiple patterns; these often included cytoplasmic spider web with diffuse fine speckles or as in Fig.  2 to at least two specificities with only the nucleolar specific antigen ntibodies (both nuclear and cytobeing present in saline extracts of chicken liver. ;A for all age groups (Table I) .
the line 01 1 mean and 74% were greater than 2 SD from the )ation of the HEp-2 substrate with line 010 mean (Fig. 3) . The ssDNA ELISA inhibition studies. Inhibition studies of sera positive to ssDNA by ELISA performed with cardiolipin, phosphatidyl ethanolamine (analogues of the DNA backbone), poly A, poly G, poly U, poly C, RNA, dsDNA, and ssDNA demonstrated that the most efficient inhibition was produced by ssDNA. Inhibition was near 100% with ssDNA at 50 ltg/ml; other nuclear antigens that produced significant inhibition included poly G (36%) and RNA (28%). Less than 10% inhibition was noted for cardiolipin, phosphatidyl ethanolamine, poly A, poly U, and poly C. Inhibition was also observed by changing the amount of inhibitor from 10-2 ,ug/ml up to I03 gg/ml as shown for line 200 sera in Fig. 4 . Inhibition was maximal for these line 200 sera samples in the anti-ssDNA ELISA with much lower levels of ssDNA than dsDNA, RNA, or poly G. For example, with bird number 10966 (Fig. 4 A) 50% inhibition was produced with 0.3 gg/ml of ssDNA, while 30.0 ,ug/ml of RNA, 6.0 ,ug/ml of poly G, and 200 ,ug/ml of dsDNA were required for equivalent inhibition.
Immunodiffusion analysis of CLE. Saline extracts from chicken thymus and chicken liver produced precipitin reactions with line 200 sera (Fig. 5 A) . Similar reactions with line 200 sera were also noted for saline extracts isolated from the liver of turkey, pheasant, or partridge (Fig. 5 B) . 18 (Fig. 6) .
The autoantibodies in line 200 chickens were shown to be unique in comparison to those found in patients with connective tissue diseases. Sera specific for RNP, Sm, SS-B/La, and Scl-70
antigenic reactions were positive when tested against rabbit thymus extracts but only to RNP and Sm antigens in whole CLE. CLE fractionated by gel filtration and reactive with line 200 sera did not produce precipitin reactions with positive patient control sera for anti-RNP and anti-Sm; although these antigens were present in crude CLE, they were not present in the partially purified CLE. Line 200 chickens recognize a unique group of antigenic determinants found so far only in avian species, moreover, they appear to be different from those identified in human patients with connective tissue diseases. Figure 6 . Immunodiffusion of line 200 immunoglobulins in center well against CLE fractionated into nuclei (1) , mitochondria (2) , microsomes (3), cytoplasm (4) and crude CLE (5).
ulin fraction in center well against saline extracts from chicken liver (1), turkey liver (2), pheasant liver (3) , and partridge liver (4 Characterization of CLE antigens by gelfiltration and ionexchange chromatography. Gel filtration of crude CLE on a calibrated 2 X 100-cm Sephacryl S-300 superfine column revealed multiple peaks of antigenic activity (Fig. 7) . This finding was based on the observation of differential reactivity by individual serum samples on the Sephacryl S-300 fractions. Estimated molecular weights for five ofthese peaks were '-290,000, 250,000, 160,000, 105,000, and 62,000. The relative incidence of each molecular weight specie in CLE-positive line 200 sera ranged from a high of 91.3% for the 250,000-mol wt peak to 21.7% for the 160,000-and 62,000-mol wt peaks. 78.3% ofCLE positive line 200 sera were reactive with the 290,000-mol wt peak while only 30.4% reacted with the 105,000-mol wt peak.
DEAE-Sephacel chromatography of crude CLE yielded two peaks ofactivity when tested by immunodiffusion, fractions 34-48 and fractions 80-108 (Fig. 8) . Antigenic activity was eluted at NaCl concentrations of -0.1 and 0.3 M. Fractions corresponding to each antigenic peak were concentrated, and then subjected to gel filtration on Sephacryl S-300 as above. Gel filtration of the 0.1 M NaCl-eluted DEAE-Sephacel fractions followed by immunodiffusion testing demonstrated two peaks of activity of 80,000-and 58,000-mol wt (Fig. 9 A) . Similarly, when the 0.3 M NaCI-eluted DEAE-Sephacel fractions were sized by gel filtration, a single antigenic peak of 250,000-mol wt was noted (Fig. 9 B) .
SDS-PAGE of CLE. SDS-PAGE analysis under reducing and denaturing conditions was performed on the 58,000-, 80,000-, and 250,000-mol wt CLE antigens purified by DEAESephacel and Sephacryl S-300 chromatography (Fig. 10) . Two polypeptides, a major band at 48,000-mol wt and a minor band at 45,000-mol wt, were noted in 58,000-and 80,000-mol wt Sephacryl S-300 fractions. In addition, two other polypeptides of 33,000-mol wt and 62,000-mol wt were noted in the 80,000-mol wt Sephacryl S-300 fraction; the 33,000-mol wt polypeptide represented the major protein in this antigen fraction (Fig. 10  A) . As shown in Fig. 10 this polypeptide is absent from the 58,000-mol wt fraction. The 250,000-mol wt Sephacryl S-300 antigenic fraction contained one major polypeptide band of 63,000-mol wt plus at least four minor polypeptide bands at 136,000-, 96,000-45,000-, and 38,000-mol wt.
Correlation between serologic assays in line 200 chickens. A retrospective study of 24 line 200 chickens tested for the presence of antibodies to CLE by immunodiffusion disclosed that they were also positive in several other of the serological assays (Table III) . Only 12 out of 18 line 200 chickens positive for anti-CLE antibodies were used in this correlation analysis because ofthe availability of sufficient serum for further testing. As shown in Table III only 40% had positive lIF tests. Thus, line 200 chickens that have precipitating antibodies to CLE appear to represent a more severely affected subgroup; however, one must use caution in correlating autoantibodies and disease expression since large (4) , 14827 (5), and 14583 (6) . Center wells in A and B contain partially purified antigens of 58,000 (0.3 mg/ml) and 250,000 (0.5 mg/ ml) mol wt, respectively. Figure 10 . SDS-PAGE of CLE antigens. 12% and 10% slab gels were used in (A) and (B), respectively. (A) CLE was purified by DEAE-Sephacel and then Sephacryl S-300 chromatography. Lanes a and b contain the 58,000-and 80,000-mol wt Sephacryl S-300 fractions, respectively. Lane c contains CLE antigen that has been purified by DEAE-Sephacel chromatography only. (B) CLE was purified by DEAE-Sephacel and then Sephacryl S-300 chromatography. Lane a contains 250,000-mol wt peak from Sephacryl S-300 fractionation. Lane b contains DEAE-Sephacel-fractionated CLE. Molecular weights on the left of A and B were determined from the relative mobilities of myosin, 205,000; ,B-galactosidase, 116,000; phosphorylase B, 97,400; BSA, 66,000; ovalbumin, 45,000; and trypsinogen, 24,000.
Discussion
This study was undertaken with two primary objectives; first, to define the nature and characteristics ofautoantibodies directed against cellular antigens in line 200 chickens through immunological and physicochemical means and second, to place these (1) reported on several immunopathological features of line 200, among these being the presence of ANA. Our present studies extend these observations to include the temporal occurrence of not only ANA, but also ACA. Few line 200 chickens are found to have developed ANA as of 1 mo of age (7%), but the majority do express ACA (64.3%). This comes at a time when disease is most fulminant, as indicated by intense mononuclear cell infiltrates, vascular occlusion, and fibrosis in the skin, comb, and digits. This results in comb involution, thickening and necrosis of skin, and foot lesions accompanied by distal polyarthritis. Mortality at this age is 20% (vs. 0% mortality ofcontrols) possibly due to secondary infection ofperipheral lesions. Positive IIF tests in this age group have been described as being cytoplasmic spider web in pattern, which is believed to be specific for cytoskeletal elements. The role that these autoantibodies might play in the line 200 disease process is not known at this time, although it is interesting to note that antigenic specificity changes over the course of disease expression. In contrast to the cytoplasmic spider web staining pattern, which is primarily limited to young birds with acute signs of disease expression, other staining patterns (diffuse fine speckles, peripheral, and homogeneous) occur in line 200 chickens that have recovered from the acute onset of disease and evolve into a chronic multisystem organ involvement (1) . Studies of line 200 pathology in these older age groups have shown that internal symptoms include vascular occlusion, cellular infiltrates, and fibrosis of skin, heart, lung, and kidney.
Autoantibodies in line 200 sera against ENA are not detected when using rabbit, rat, or mouse sources of tissues. However, saline extracts from chicken thymus and liver were found to be highly antigenic for line 200 sera. Additional testing revealed that antigenicity was also present in the liver of other avian species including the turkey, pheasant, and partridge. Moreover, upon cellular fractionation by differential centrifugation it was determined that these antigens lie within the cytoplasmic compartment. (17) . For most sera that recognize these small cytoplasmic or small nuclear RNA-protein particles the antigenic determinants are constituted at least in part of protein. Purification of CLE antigens by ion-exchange and gelfiltration chromatography has demonstrated several antigens on the basis of molecular weight. Considering the inherent imprecision ofthis method ofdetermining molecular weights (as noted by discrepancies in molecular weight ofthe 62,000-mol wt CLE antigen), the five antigenic fractions ranging from 62,000 to 290,000 mol wt could quite conceivably represent alternate forms of several smaller polypeptides, which can associate to produce larger molecules. This conclusion is further supported by immunodiffusion analysis, which has shown reactions of partial identity between some ofthese antigens. Studies ofthese partially purified antigen preparations on SDS-polyacrylamide gels under reducing and denaturing conditions have shown that partially purified antigenic fractions with approximate molecular weights of 58,000, 80,000, and 250,000 by gel filtration contained polypeptides ranging in molecular weight from 33,000 to 136,000.
Two polypeptides of 45,000 and 48,000 were found in the 58,000-mol wt antigenic fraction, four polypeptides from 33,000 to 48,000, with the major polypeptide at 33,000, were found in the 80,000-mol wt fraction and lastly, at least five polypeptides of 38,000, 45,000, 63,000, 96,000, and 136,000 were found in the 250,000-mol wt fraction. At present, it has not yet been determined which of these polypeptides contain the antigenic determinants that line 200 sera recognize.
Characterization ofindividual antibody-antigen reactions in connective tissue disease states has advanced to where certain antigens are now recognized as specific diagnostic markers (2, 5, (18) (19) (20) (21) (22) . High titers of antibodies to n-RNP, a complex of RNA and protein, is often associated with mixed connective tissue disease (18) . Sm, a protein antigen, is found only in SLE (2) while a 70,000-mol wt nuclear protein, Scl-70, has been found to be highly specific for progressive systemic sclerosis (23) . Recently, an antigen termed Ku, which was characterized as being a 300,000-mol wt acidic nuclear protein, was found to be a marker for patients with polymyositis-scleroderma overlap (5) . In addition to these and several other "nuclear" antigens isolated from various sources ofENA, there have been numerous reports of cytoplasmic antigens being grouped under ENAs (22, (24) (25) (26) (27) (32) have also been found in SLE sera. The cytoplasmic antigens SS-A (Ro) and SS-B (La or Ha) are found in association with SLE and sicca complex (25, 29) .
Detailed analysis of RNP, Sm, Ro, and La antigens has shown the interrelationship between these determinants (17, (33) (34) (35) (34) has reported that RNP contains six polypeptides; two of them at 13,000 mol wt were antigenic. Molecular weights of the other four polypeptides were 13,000, 13,000, 30,000, and 65,000. In contrast, Gibbons et al. (35) demonstrated that RNP was composed of five polypeptides ranging in molecular weight from 10,000 to 15,000, whereas Sm contained similar proteins plus six additional subunits from 21,000 to 42,000 mol wt. These studies have also been complicated by the finding of variations in composition due to the source of antigens (33) . Therefore, comparing the line 200 data with previously published studies is difficult. Our observations suggest that line 200 antigenic specificities are unique on the basis of size and antigenic source. Although some variation has been noted in the literature as to the sources of ENA, most have been found to be highly conserved (6 (1) .
Line 200 anti-ssDNA reactivities were most sensitive to inhibition by ssDNA, followed by poly G or RNA and then nDNA. Studies of anti-polynucleotide antibodies in sera from patients with connective tissue diseases have shown that there are several antigenic determinants that can be recognized on ssDNA (36, 37) and dsDNA (38) . Even within a single disease state such as SLE, there is much individual patient variation as to the determinants recognized on polynucleotides; antigen binding reactivities can be specific for the sugar phosphate backbone (10) or for specific bases (39) . The lack of inhibition by phospholipids with line 200 sera suggests that these autoantibodies do not recognize the sugar phosphate backbone. However, inhibition by poly G could be due to base specificity. Further analysis of the line 200 anti-ssDNA response might reveal a heterogeneous population of antibodies directed toward ssDNA as they do toward other cellular antigens.
